Introduction
DLL4 plays a fundamental role in vascular development and angiogenesis.
1;2 DLL4
haploinsufficiency results in extensive arterial defects and embryonic lethality, 3 indicating that the developing vasculature is sensitive to minor alterations in DLL4
dosage. DLL4 expression is mainly restricted to the endothelium of nascent vessels, particularly the tip cells, where it maintains stalk cell identity in neighboring cells, thereby regulating vessel sprouting and branching in response to angiogenic stimuli. 4 The importance of optimal DLL4 expression in physiological angiogenesis is illustrated through its regulation of intersegmental vessel (ISV) development in zebrafish. Morpholino (MO) knock-down of dll4 in zebrafish results in an increased number of endothelial cells within the ISVs and ectopic ISV branching from the dorsal aorta (DA) due to overactivation of Vegfa signaling. 5;6 DLL4 is relevant in pathological angiogenesis and is overexpressed in human tumors, often in association with markers of inflammation, hypoxia and angiogenesis. [7] [8] [9] Inhibition of DLL4 suppresses experimental tumor growth by inducing non-productive, deregulated angiogenesis. 10;11 We and others have shown that DLL4 expression is upregulated in lymphatic endothelial cells (LEC) following infection by Kaposi's sarcoma herpesvirus (KSHV), 12 ;13 an oncogenic γ -herpesvirus that is the etiological agent of Kaposi's sarcoma (KS). KS is an angioproliferative neoplasm composed of cells of endothelial origin. 14 Although accurate regulation of DLL4 levels is a hallmark of angiogenesis, the mechanisms that finely regulate DLL4 expression are not completely defined. Therefore we hypothesized that, in addition to well-known transcriptional mechanisms that affect DLL4 expression, DLL4 is regulated at the post-transcriptional level.
For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From MicroRNAs (miRNAs) are small, non-coding RNAs that influence target gene expression through mRNA degradation and translation inhibition. 15 Implicated in key cellular processes, miRNAs play a role in angiogenesis and cancer. 16 ;17 miR-27b is the only miRNA thus far implicated in DLL4 regulation, 18 however this miRNA also regulates sprouty homologue 2 (SPRY2) and semaphorin 6A (SEMA6A), and it is unclear whether its proposed suppression of DLL4 specifically leads to vascular defects. 18;19 We previously described the miRNA signature in KSHV-infected LEC (KLEC). 20 These data indicated significant downregulation of members of the miR-30 miRNA family post-infection (p.i.). Encoded by six genes and expressed from four distinct transcripts across the human genome, the members of the miR-30 family share an identical seed sequence and hence have common predicted targets. 21 Here we show that miR-30b and -30c target DLL4 in vitro and in vivo, and that the miR-30 family regulates angiogenesis.
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Methods

Cell Culture
LEC were purchased from Promocell and grown in Endothelial Growth Medium MV (Promocell) supplemented with 10ng/ml VEGF-C (R&D Systems). HUVEC were purchased from Promocell and grown in Endothelial Growth Medium MV2 (Promocell). For both LEC and HUVEC, experiments were performed before passage 8. BCBL-1 cells, latently infected with recombinant GFP-KSHV, 22 were cultured as previously described. 23 293T and immortalized human fibroblast cells were grown in DMEM (Invitrogen), supplemented with 10% FBS.
KSHV Production and Infection of LEC
KSHV was produced and used to infect LEC as previously described. 23 This procedure reproducibly resulted in 30% to 50% of LEC expressing GFP 3 days after infection.
MicroRNA Mimics and Inhibitors
LEC and HUVEC were seeded in 6-well plates at 5x10 4 
Lentivirus Production and Infection of LEC and HUVEC
Genomic fragments containing pre-miR-30b and pre-miR-30c-1 were cloned from LEC and were expressed using a modified pSIN-MCS lentiviral vector as described, 23 subsequently referred to as pSIN_30b and pSIN_30c respectively. The number of lentiviral copies per cell was determined by qPCR and miRNA expression was confirmed by qRT-PCR. Cells were infected in suspension. Experiments were performed 2-3 days post-infection.
Quantitative PCR and Quantitative RT-PCR
Genomic DNA for qPCR was extracted using the QIAamp DNA mini-kit (Qiagen).
The number of lentiviral copies per cell (c/c) was determined as described previously. 23 Total RNA was extracted using miRNeasy mini-kit (Qiagen) and subjected to DNase I treatment (Qiagen). For zebrafish work, RNA was collected from at least 10 embryos per condition or time point. About 50 to 1,000ng of total RNA were used for cDNA synthesis using the SuperScript II reverse transcriptase (Invitrogen). GAPDH (housekeeping reference gene) and SELE mRNA levels were quantified by qRT-PCR using optimized forward and reverse primers at 0.3μM and SYBR Green PCR Master Mix (Applied Biosystems). The GAPDH primers used were as follows: forward primer 5'-GGAGTCAACGGATTTGGTCGTA-3'; reverse primer 5'-GGCAACAATATCCACTTTACCAGAGT-3'. The SELE primers used were
For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From as follows: forward primer 5'-CAGCCTCAAGATCATCAGCA-3'; reverse primer 5'-ACAGTCTTCTGGGTGGCAGT-3'. qRT-PCR quantification of DLL4, dll4, bactin1, miR-30b and miR-30c was performed using Taqman Gene Expression or Taqman MicroRNA assays (Applied Biosystems). Quantification of pre-miR-30c-1 and premiR-30c-2 was performed using miRNA qRT-PCR Kit and Primer Set (GenoExplorer).
Luciferase Reporter Assay
The reporter plasmids (50ng), either empty vector (pEZX-MT01) or the DLL4 3'UTR containing plasmid (pEZX-DLL4), were transfected into 293T cells, 48h posttransfection with miRNA mimic. Cells were harvested 24h post-transfection according to the Dual-Luciferase Reporter Assay System (Promega). Luciferase activity was measured using a Fluoroskan Ascent FL luminometer (ThermoScientific). Firefly activity was normalized to internal Renilla luciferase levels.
3-D Spheroid In Vitro Angiogenesis Assay
HUVEC were transfected with miRNA mimic (ThermoScientific) and after 24h spheroids were generated as previously described. 24 One hundred spheroids were generated per condition, collected after 24h and embedded in Matrigel Basement
Membrane Matrix (BD Biosciences). Spheroids were monitored for 120h and photographs were taken on an Axiovert 100 microscope (Zeiss) using an AxioCam (Zeiss) and acquired using AxioVision software (Zeiss). To analyze average sprouts per spheroid, sprouts were counted using Adobe Photoshop CS2 (n=60). Average
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Embryo Manipulation and In Situ Hybridization Procedures
Zebrafish embryos were obtained by natural spawning of adult zebrafish. Embryos were raised and maintained at 28.5°C in system water and staged as described. 25 Tg(kdrl:EGFP) 26 and Tg(fli1a:EGFP) 27 
Results
KSHV regulates expression of a miRNA family predicted to target DLL4
KSHV infection of endothelial cells, including LEC, is a tractable model to study aspects of endothelial cell biology.
14;32 DLL4 is one of the most significantly upregulated genes in KLEC. 12 We therefore examined the most downregulated cellular miRNAs in KLEC to determine whether we could identify miRNAs that regulate DLL4. 20 We re-analyzed our microarray data with respect to downregulated miRNAs and found that the miR-30 family is downregulated in KLEC 72h p.i. (Fig.   1A ). The most significantly suppressed probes corresponded to miR-30b and -30c
and the microarray data were validated by qRT-PCR (Fig. 1B) . The mature miR-30c miRNA detected by the microarray can be produced from two distinct precursor hairpins (pre-miR-30c-1 and -2) and we confirmed downregulation of both sources in
We used the TargetScan prediction algorithm to identify miR-30 targets and ranked them according to Total Context Score. 33 We analyzed this list with respect to genes significantly altered in KLEC and discovered that the 3'UTR of DLL4 scored favorably (Total Context Score -0.39). TargetScan analysis of the DLL4 3'UTR sequence indicated that the miR-30 family is the best scoring miRNA for this 3'UTR ( Fig. 1C ).
The miR-30 target site is an 8mer which is absolutely conserved within the DLL4 3'UTR across 22 species (Fig. S1B ). miRNAs are known to target Notch components during tumor development, 34 but a function for this cross-talk in tumorigenesis is unclear. Downregulation of the miR-30 family is associated with enhanced tumorigenesis in breast cancer and anaplastic thyroid carcinoma. 35;36 However, an association between DLL4 and miR-30 expression is not described. We analyzed mRNA and miRNA expression data from the The Cancer Genome Atlas (www.cancergenome.nih.gov), specifically studying angiogenic solid tumors. We found a significant negative correlation between one or more miR-30 family members and DLL4 expression in breast adenocarcinoma, ovarian serous cystadenocarcinoma and the highly angiogenic renal clear cell carcinoma (Fig. 1D ).
Most of the other tumors analyzed also displayed a negative correlation, although non-significant ( Fig. 1D ).
miR-30b and miR-30c regulate DLL4
To validate our target predictions for miR-30b and -30c, we measured DLL4 expression after transfecting synthetic miR-30b and -30c mimics into LEC. DLL4 mRNA and protein levels were significantly reduced in LEC expressing either mimic ( Fig. 2A , B) and this effect was dose dependent (Fig. S2A ). Co-expression of miR30b and -30c, at an equivalent total concentration, did not increase DLL4 repression, suggesting that there are no additive or synergistic effects between these miR-30
family members (Fig. S2A ). These findings correspond with our target prediction studies, which indicate only one miR-30 target site on the DLL4 3'UTR ( Fig. 1C) .
Expression of an unrelated mRNA (SELE) was unchanged ( Fig. 2A) , suggesting that the suppression of DLL4 mRNA does not reflect a non-specific effect of these mimics on global mRNA levels. 37 As the highly stable mimics led to a supra-physiological upregulation of miR-30 of over 1000 fold (data not shown), we also used lentiviruses to overexpress miR-30 in its pre-miRNA form. Infection of LEC with lentiviruses expressing miR-30b or -30c
(pSIN_30b or pSIN_30c) suppressed DLL4 (Fig. 2C ). This was confirmed in another type of endothelial cell, human umbilical vein endothelial cells (HUVEC) (Fig. 2D ).
We confirmed expression of the mature miRNAs in LEC and HUVEC transduced with these viruses (Fig. S2B , C) and DLL4 suppression increased with increasing viral copies per cell (Fig. S2B) . Conversely, transfection of hairpin inhibitors against miR-30b and -30c into LEC led to an increase in DLL4 protein levels (Fig. 2E) . Taken together, these data indicate that the miR-30 family regulates endogenous DLL4.
To confirm that these miRNAs act through the DLL4 3'UTR we utilized a vector with the luciferase coding sequence upstream of the DLL4 3'UTR (DLL4_wt). We expressed this construct in the presence of miR-30b-or -30c mimics (Fig. 2F ) and observed a 50% reduction in luciferase activity. The control vector maintained luciferase activity in the presence of exogenous miR-30, suggesting the changes in activity were due to the action of miR-30 on the DLL4 3'UTR. To confirm this we mutated the predicted miR-30 target site in the DLL4 3'UTR ( Fig. S2D ) to prevent miRNA association (DLL4_mut). Luciferase activity was significantly increased to near-baseline levels (Fig. 2F ). These data indicate that miR-30 influences the expression of DLL4 in endothelial cells by targeting a predicted site in its 3'UTR.
miR-30 targeting of DLL4 influences endothelial cell behavior in vitro
DLL4 expression influences angiogenic pathways in endothelial cells and contributes to the angiogenic signature of KSHV-infected endothelial cells. 12; 38 We therefore used KSHV-infection of LEC to investigate the effect of miR-30 on DLL4 levels. (Fig.   3A , B). DLL4 mRNA expression was increased 3-fold in KLEC compared to LEC and this induction was attenuated to 2-fold in KLEC expressing exogenous miR-30, suggesting that miR-30 can suppress DLL4 levels in a dynamic system where it is normally upregulated (Fig. 3A) . This was also reflected at the protein level where KSHV infection induced a 5-fold increase in DLL4 that was reduced to 4-fold in pSIN_30c transduced cells (Fig. 3B) . These findings reveal an additional miRNAcontrolled layer of DLL4 regulation in human endothelial cells and are consistent with our previous work showing that activation of the extracellular-signal regulated kinase (ERK) pathway also drives DLL4 induction in KSHV-infected endothelial cells. 12 During pathological and physiological angiogenesis, endothelial cells expressing DLL4 stimulate Notch signaling in adjacent cells and are specified as "tip" cells. Tip cells localize to the apex of the developing sprout, excluding the signal-receiving "stalk" cells, which contribute to the body of the developing vessel. Suppression of Notch signaling leads to excessive sprouting and multiple vessel branches because the tip cell phenotype is not restricted. 2 We used an in vitro model of sprouting angiogenesis to investigate whether DLL4 targeting by miR-30b affected normal tip cell behavior. 24 HUVEC expressing either miR-30b mimics or non-targeting control (NTC) were induced to form spheroids which were then embedded in Matrigel.
Those spheroids comprised of miR-30b-overexpressing HUVEC displayed an increased propensity to form sprouts of greater length (Fig. 3C) indicating that miR-30 overexpression promotes angiogenic sprouting. miR-30 mimics downregulated DLL4 mRNA in this cell type (Fig. S3A , B, C).
Exogenous expression of miR-30 induces hyperbranching of intersegmental vessels in zebrafish
The developing zebrafish vasculature is an established model of angiogenic processes. Zebrafish Dll4 regulates angiogenic sprouting of ISVs and is detectable from 8 hours post-fertilization (hpf) by RT-PCR; 5 using qRT-PCR, we observed dll4 induction between 6hpf and 12hpf in zebrafish embryos (Fig. S4A) . Expression of miR-30b and -30c homologs is found during development and in the adult fish. 39 We observed a correlation between expression of miR-30 and dll4 from 18hpf to 30hpf
( Fig. S4A ) corresponding with the temporal window during which angiogenic sprouting occurs. 40 These temporally coincident changes in dll4 and miR-30 suggest a functional interaction that may contribute to tight control of Dll4 expression during vascular development. We investigated this relationship by increasing miR-30 expression through microinjection of miR-30 mimics. To reduce non-specific effects of exogenous miR-30, microinjected mimic was titrated to levels where overall embryo morphology was normal and miR-30 expression was detectable at a physiologically relevant level (Fig. 4A) . We considered an upregulation of 20-25 fold to be within physiological levels, as changes of this magnitude are seen for individual miRNAs during zebrafish development. 41 We confirmed the downregulation of dll4 expression in the vasculature by in situ hybridization (Fig. 4B) . dll4 expression titrated with levels of miR-30 and was reduced by 20-30% compared to control embryos at the lowest mimic concentrations (Fig. 4C ). These data indicate that dll4 mRNA levels can be disrupted in vivo by exogenous expression of miR-30.
It has previously been shown that dll4 silencing using MOs induces excessive ISV branching. 5;6 We investigated the effect of reduced dll4 expression by miR-30 on endothelial cell behavior in Tg(flk1:EGFP) zebrafish, using dll4 MO-injected embryos as a positive control (Fig. 4E and Fig. S4B ). Compared to uninjected control embryos, we found that embryos expressing miR-30b or -30c mimics showed vessel-free, hyper-migratory endothelial cells, ISVs at a more advanced stage of sprouting and premature dorsal longitudinal anastamotic vessel (DLAV) formation at 25hpf ( Fig. 4E and Fig. S4B : left panels, yellow arrowheads). With increasing amounts of miR-30 mimic, a higher percentage of embryos displayed advanced sprouting and a greater proportion of these exhibited premature DLAV formation and hyper-migratory behavior (Fig. S5A ). This phenotype was also present in dll4 MOinjected embryos ( ). This phenotype titrated with increasing amounts of miR-30: the higher the amount of mimic injected, the greater the number of branches from the ISVs (Fig. S5B ).
To confirm that the miR-30 family targeted dll4 in vivo, embryos were co-injected with a target protector morpholino (TP) designed to bind to a region within the dll4 (Fig 5C, iii; Fig 5D) . 28 Kdrl acts synergistically with Kdr to mediate Vegfa signaling. 28 Simultaneous knockdown of kdr and kdrl causes complete loss of ISVs, 28 a phenotype which we successfully recapitulated ( ( Fig. 5C, vii) or kdr MO alone (Fig. 5C , ii), as quantified in Figure 5D . We propose that this is caused by impairment in Vegfa signaling due to the combined downregulation of kdr, by the kdr MO, and kdrl, by the dll4-TP miR-30 through dll4
upregulation. These data suggest that tight regulation of dll4 levels by the miR-30 family confers robustness to the Vegfa-mediated angiogenesis process in vivo.
In conclusion, we show that miR-30 acts to fine tune dll4 levels during zebrafish vascular development, allowing sprouting angiogenesis to occur to the required extent (Fig. 6A) . When miR-30 is overexpressed, dll4 is downregulated so tip cell fate is not restricted; this results in excessive branching from the ISVs (Fig. 6B ). If
For personal use only. on April 13, 2017. by guest www.bloodjournal.org From the interaction between miR-30 and dll4 is inhibited, the latter is upregulated and consequently there is a reduction in kdrl expression (Fig. 6C) . If kdr is also suppressed the subsequent lack of Vegfa signaling results in impaired ISV sprouting (Fig. 6C) .
Discussion
The five members of the miR-30 family all share the same seed sequence and are encoded by six genes located on human chromosomes 1, 6 and 8. 48 and runt-related transcription factor 2 (RUNX2). 45 Our study is the first to identify and validate DLL4 as a target of miR-30 and to demonstrate a key role for miR-30 in angiogenesis.
For sprouting angiogenesis to occur successfully a balance must be maintained between the number of tip cells, which lead the nascent sprouts, and stalk cells which will make up the endothelium of the new vessel. 2 DLL4 plays a crucial role in regulating the ratio of tip cells to stalk cells. Specifically, expression of DLL4 by the tip cells stimulates Notch signaling in the adjacent cells, thereby maintaining stalk cell identity and restricting tip cell specification. 4 When DLL4 signaling or expression is inhibited, tip cell specification is not controlled, leading to excessive sprouting from existing vessels. This can be seen during zebrafish ISV development, when knockdown of dll4 causes the formation of an aberrant network of interconnected branches. 5 It is also relevant to the control of tumor vasculature as the use of blocking antibodies against DLL4 has been shown to promote angiogenesis, but the increased tumor vascularity is leaky and hence non-productive, leading to the inhibition of tumor growth. 10;11 We hypothesized that DLL4 is not only regulated at the transcriptional level but that its expression is subject to fine-tuning by posttranscriptional mechanisms, such as miRNAs, in order to maintain optimal levels for successful angiogenesis.
We utilized KSHV infection of LEC as a model with which to study DLL4 regulation, as DLL4 is one of the most significantly upregulated genes in KLEC. 12 We observed significant downregulation of miR-30b and miR-30c in KLEC, which was of interest given that the miR-30 family was predicted to target DLL4 via a highly conserved which developed into excessive ISV branching at 72hpf, phenotypes also observed following dll4 knockdown. We show that the excessive vascular sprouting caused by miR-30 overexpression was by way of dll4 targeting through the use of a target protector morpholino, specific to the miR-30 target site within the dll4 3'UTR. It has recently been shown that knockdown of miR-27b causes defective vascular sprouting in developing zebrafish embryos. 18 Rescue studies using knockdown of dll4 and spry2 implicated these two targets as the causative agents of this phenotype, however target protector studies were not used to fully delineate the respective roles of dll4 and spry2. The angiogenesis inhibitor SEMA6A has also been identified as a target of miR-27b, 19 and could account for the phenotype seen upon miR-27b inhibition in zebrafish embryos.
The target protector also provided us with a useful tool with which to explore the endogenous role of miR-30 during zebrafish vascular development. We used it to specifically block the interaction of miR-30 with dll4 during development, whilst still allowing miR-30 to interact with its other targets. We have shown that inhibiting the normal control of dll4 by miR-30 elevates dll4 levels, which partially blocks ISV angiogenesis. This would suggest that during normal ISV sprouting miR-30 is
For personal use only. on April 13, 2017. by guest www.bloodjournal.org From actively suppressing dll4, helping to maintain tight control of dll4 expression and hence angiogenesis. However, further investigations revealed a more intricate regulatory pathway. VEGFR2 expression has been shown to be inhibited by Notch signaling via DLL4. 38 When dll4 levels were increased using the target protector morpholino, we observed downregulation of kdrl, a functional ortholog of VEGFR2. 43 Vegfa signaling in zebrafish is mediated through the synergistic action of Kdrl and another Vegfa receptor, Kdr. 28 When injection of dll4-TP miR-30 was combined with knockdown of kdr, ISV sprouting was moderately to severely inhibited in the majority of embryos, as seen when the expression of both kdrl and kdr is blocked using morpholinos. 28 This work has therefore revealed that the miR-30 family indirectly regulates Vegfa signaling by controlling dll4 expression and that this regulatory axis confers robustness to Vegfa-mediated angiogenesis.
We have identified and validated DLL4 as a novel target of the miR-30 family and demonstrated the important role of these miRNAs during sprouting angiogenesis.
We show that miR-30 regulates vascular development in vivo and provides embryos with the predominant, displayed phenotype out of the total number of embryos assayed. Images were taken using a Nikon 1200F camera on a Nikon E1500 dissecting microscope and acquired using ACT-1 software (Nikon). Images were cropped using Adobe Photoshop CS4. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From
